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Objective: The objective of this study was to analyze how parental education modifies the genetic and 
environmental variances of BMI from infancy to old age in three geographic-cultural regions.
Methods: A pooled sample of 29 cohorts including 143,499 twin individuals with information on parental 
education and BMI from age 1 to 79 years (299,201 BMI measures) was analyzed by genetic twin 
modeling.
Results: Until 4 years of age, parental education was not consistently associated with BMI. Thereafter, 
higher parental education level was associated with lower BMI in males and females. Total and additive 
genetic variances of BMI were smaller in the offspring of highly educated parents than in those whose 
 parents had low education levels. Especially in North American and Australian children, environmental 
 factors shared by co-twins also contributed to the higher BMI variation in the low education level category. 
In Europe and East Asia, the associations of parental education with mean BMI and BMI variance were 
weaker than in North America and Australia.
Conclusions: Lower parental education level is associated with higher mean BMI and larger genetic vari-
ance of BMI after early childhood, especially in the obesogenic macro-environment. The interplay among 
genetic predisposition, childhood social environment, and macro-social context is important for socioeco-
nomic differences in BMI.
Obesity (2019) 0, 2-11. doi:10.1002/oby.22451
Introduction
Mean body mass index (BMI; in kilograms per meter squared) has 
increased all over the industrialized world during the past four decades 
and currently shows clear geographic differences, with the highest 
BMIs in North America and the lowest BMIs in East Asia (1). Twin 
studies have shown that genetic factors explain a substantial proportion 
of BMI variation over the life course (2,3), and genome-wide associa-
tion (GWA) studies have identified the role of genetic variants behind 
BMI variation (4,5). There is also strong evidence for higher BMI in 
lower socioeconomic classes in Western industrialized societies (6). 
The roots of socioeconomic obesity differences may already emerge in 
childhood because many socioeconomic characteristics of the child-
hood family, such as parental education and income, are associated 
Funding agencies: This study was conducted within the Collaborative Project of Development of Anthropometrical Measures in Twins (Academy of Finland Grant 266592). 
Funding for individual collaborators is as follows. The Child and Adolescent Twin Study in Sweden is supported by the Swedish Research Council through the Swedish 
Initiative for Research on Microdata in the Social and Medical Sciences Framework Grant 340-2013-5867, grants provided by the Stockholm County Council (ALF projects), 
the Swedish Heart-Lung Foundation, and the Swedish Asthma and Allergy Association’s Research Foundation. The Netherlands Twin Register acknowledges support from 
the Netherlands Organization for Scientific Research and MagW/ZonMW Grants 904-61-090, 985-10-002, 912-10-020, 904-61-193,480-04-004, 463-06-001, 451-04-034, 
400-05-717, Addiction-31160008, Middelgroot-911-09-032, and Spinozapremie-56-464-14192; Vrije University’s Institute for Health and Care Research; the European 
Research Council (ERC; grant 230374); and the Avera Institute, Sioux Falls, South Dakota. Data collection and analyses in Finnish twin cohorts have been supported by the 
European Network for Genetic and Genomic Epidemiology (ENGAGE; FP7-HEALTH-F4-2007, grant agreement 201413), the National Institute of Alcohol Abuse and 
Alcoholism (grants AA-12502, AA-00145, and AA-09203 to R. J. Rose), the Academy of Finland Center of Excellence in Complex Disease Genetics (grants 213506 and 
129680), and the Academy of Finland (grants 100499, 205585, 118555, 141054, 265240, 264146, and 312073 to J. Kaprio). Since its origin, the East Flanders Prospective 
Survey has been partly supported by grants from the Fund of Scientific Research, Flanders and Twins, a nonprofit Association for Scientific Research in Multiple Births 
(Belgium). Gemini was supported by a grant from Cancer Research UK (C1418/A7974). Data collection and research stemming from the Norwegian Twin Registry are 
supported, in part, by the European Union’s Seventh Framework Programmes ENGAGE Consortium (grant agreement HEALTH-F4-2007-201413) and Biobank 
Standardization and Harmonization for Research Excellence in the European Union (grant agreement HEALTH-F4-2010-261433). Madeira data come from Genetic and 
Environmental Influences on Physical Activity, Fitness and Health: the Madeira Family Study (project reference: POCI/DES/56834/2004, founded by the Portuguese agency 
for research [the Foundation for Science and Technology]). S. Y. Öncel and F. Aliev are supported by a Kırıkkale University research grant (2009/43) and a Scientific and 
Technological Research Council of Turkey grant (114C117). K. Silventoinen is supported by Osaka University’s International Joint Research Promotion Program. The Boston 
University Twin Project is funded by grants (R01HD068435 and R01MH062375) from the National Institutes of Health (NIH) to K. J. Saudino. The California Twin Program 
was supported by the California Tobacco-Related Disease Research Program (7RT-0134H, 8RT-0107H, and 6RT-0354H) and NIH (1R01ESO15150-01). The Carolina African 
American Twin Study of Aging was funded by a grant from the National Institute on Aging (NIA; 1R01AG13662-01A2) to K. E. Whitfield. The Colorado Twin Registry is funded 
by National Institute on Drug Abuse grant DA011015 and Longitudinal Twin Study grant HD10333; B. M. Huibregtse is supported by 5T32DA017637 and 5T32AG052371. 
The Michigan State University (MSU) Twin Registry has been supported by MSU, as well as by grants R01MH081813, R01MH0820-54, R01MH092377-02, R21MH070542-01, 
and R03MH63851-01 from the National Institute of Mental Health (NIMH), grant R01HD066040 from the Eunice Kennedy Shriver National Institute of Child Health and 
Human Development (NICHD), and grant 11-SPG-2518 from the MSU Foundation. The content of this manuscript is solely the responsibility of the authors and does not 
necessarily represent the official views of NIMH, NICHD, or NIH. The University of Southern California Twin Study is funded by a grant from NIMH (R01MH58354). The Texas 
Twin Project is currently funded by grants AA023322 and HD081437 from NIH. The Vietnam Era Twin Study of Aging was supported by NIH/NIA grants R01AG018384, 
R01AG018386, R01AG022381, and R01AG022982 and, in part, with resources of the VA San Diego Center of Excellence for Stress and Mental Health. The Cooperative 
Studies Program of the Office of Research & Development of the US Department of Veterans Affairs (VA) has provided financial support for the development and maintenance 
of the Vietnam Era Twin Registry. The content of this manuscript is solely the responsibility of the authors and does not necessarily represent the official views of NIA/NIH 
or VA. The National Academy of Sciences–National Research Council Twin Registry acknowledges financial support from NIH grant R21AG039572. The Korean Twin-
Family Register was supported by the Global Research Network Program of the National Research Foundation (NRF; 2011-220-E00006). The South Korea Twin Registry is 
supported by the NRF of Korea (NRF-371-2011-1 B00047). The West Japan Twins and Higher Order Multiple Births Registry was supported by a Grant- 
in-Aid for Scientific Research (B) (15H05105) from the Japan Society for the Promotion of Science. This research was facilitated through access to Twins Research Australia, 
a national resource supported by a Centre of Research Excellence Grant (1079102) from the National Health and Medical Research Council. The Longitudinal Israeli Study 
of Twins was funded by Starting Grant 240994 from the ERC to A. Knafo-Noam.
Disclosure: The authors declared no conflict of interest.
ObesityOriginal Article
EPIDEMIOLOGY/GENETICS
www.obesityjournal.org  Obesity | VOLUME 00 | NUMBER 00 | MONTH 2019     3
with the BMI of offspring (7). Adoption studies have supported these 
findings by showing that lower socioeconomic status of biologically 
unrelated adoptive families is associated with higher BMI of adopted 
children as adults (8).
The association of genes and environmental factors with BMI may be 
modified by sociodemographic characteristics. In our previous study 
based on the same database as this present study, we found that the 
genetic variation of adult BMI increased from the 1940s to the 2010s 
at the same time that mean BMI dramatically increased (3), confirm-
ing the earlier findings based on Danish (9) and Swedish data (10). 
A Dutch twin study of parental education in children and adolescents 
(11), as well as studies on education of Danish (12) and US adults (13), 
suggested increased genetic BMI variation associated with less educa-
tion. However, a Finnish twin study reported that in adolescence, the 
increased BMI variation in the offspring of parents with less education 
was attributable to environmental factors shared by co-twins (14).
Addressing the question of how modification of genetic and environ-
mental influences on BMI develops over the human life-span requires 
considerable statistical power. Thus, we analyzed whether and how 
parental education modifies the genetic and environmental variation of 
BMI from infancy to old age in a very large international database of 
twins. Further, we analyzed whether the interaction between parental 
education and BMI varies among three geographic-cultural regions that 
are characterized by different levels of mean BMI in the population, 
indicating different obesogenic environments.
Methods
The data were derived from the Collaborative Project of Development 
of Anthropometrical Measures in Twins (CODATwins) targeted to col-
lect all available twin data on height and weight in the world (15). We 
included 29 twin cohorts with additional information on maternal and 
paternal education. Eleven cohorts came from European countries, five 
cohorts came from East Asian countries, eleven cohorts came from 
the United States, and single cohorts came from Australia and Israel. 
The names of participating cohorts are given in Table 1 (legend). Age 
was classified into 1-year age categories from 1 to 19 years of age, 
and after that, 10-year categories were defined. Participants who were 
80 years of age or older were excluded (319 measures) because of 
 decreasing muscle mass at old age (16). Together, there were 324,329 
BMI measurements. In children and adolescents, we checked the BMI 
distribution in each age and sex group and removed the extreme, likely 
erroneous values (658 measures representing 0.3% of the measure-
ments at 19 years of age or younger corresponding to values approxi-
mately 3 SDs less than or greater than the mean). In adults, we removed 
the measurements consistent with anorexia nervosa (BMI < 15 kg/m2, 
96 measures representing 0.1% of adult measures) and morbid obe-
sity (BMI > 45 kg/m2, 246 measures representing 0.3% of adult mea-
sures). Thus, our results represent the range of normal BMI variation 
and do not represent extremely low and very high BMI values, which 
may be affected by specific factors such as anorexia nervosa or rare 
monogenic traits. To confirm that all parameter estimates were based 
on independent observations, we selected one measurement in each 
age group from cohorts with repeated measures and conducted inde-
pendent models in each age group. In the present analyses, 299,201 
BMI measures from 143,499 twin individuals (52% females) includ-
ing 66,165 complete twin pairs (39% monozygotic [MZ], 34% same-
sex dizygotic [DZ], and 27% opposite-sex DZ) with information on 
maternal and paternal education were used. All participants were vol-
unteers who gave informed consent when participating in their original 
studies. The pooled analysis was approved by the ethical committee of 
the Department of Public Health, University of Helsinki.
The different educational classifications used in the surveys were trans-
formed as educational years, as described elsewhere (17). We first 
calculated regression residuals of maternal and paternal education sepa-
rately by fitting a regression model with maternal or paternal education 
as the dependent variable and twin cohort and the birth year of their 
twin children, used as a proxy indicator for the birth years of parents, 
as independent variables. Twin cohort was treated as a nominal-level 
variable with a dummy variable for each individual cohort and birth 
year as a continuous variable. These residuals were then summed up to 
get combined parental education and divided into three categories (less 
than −0.5 SDs from the mean, from −0.5 to 0.5 SDs from the mean, and 
more than 0.5 SDs from the mean) to indicate low (31% of participants), 
average (40% of participants), and high parental education levels (29% 
of participants). The SD of parental education was slightly higher in 
North America and Australia (SD = 5.33) than in Europe (SD = 4.50) 
and East Asia (SD = 4.10). However, we calculated the residuals in the 
full cohort and used the same categorization of parental education to 
avoid changing the educational distribution and to confirm the same 
extent of education in all geographic-cultural regions. Thus, the residu-
als indicate how much shorter or longer the parental education duration 
is as compared with that of the average person having a certain birth 
year in each twin cohort. Correspondingly, BMI was adjusted for the 
effects of exact age and twin cohort in each age and sex category by 
regression models.
In the aggregation of twin cohorts by the geographic-cultural regions, 
we removed Turkey from all region-specific analyses because the 
Turkish population is genetically distinct from other European popu-
lations (18). We also combined the cohort from Australia with North 
American cohorts because the mean BMI in Australia is closer to that 
in North American than European countries (1). Thus, we had three 
geographic-cultural regions (North America and Australia, Europe, 
and East Asia) representing the high, intermediate, and low levels of 
obesogenic factors in the environment, respectively, based on the mean 
BMI of population (1). The same classification was also used in our 
previous studies on the genetics of BMI in childhood (2) and adult-
hood (3), which were based on the CODATwins database. The number 
of BMI measurements was highest in Europe (196,990 measures), fol-
lowed by North America and Australia (82,098 measures) and East Asia 
(18,670 measures). Because there was more ethnic diversity in North 
America and Australia than in the other cultural-geographic regions, 
we repeated the main analyses in North Americans and Australians of 
Caucasian ethnicity based on self-reports (75,973 measures).
We used structural equation modeling to estimate genetic and envi-
ronmental variance components (19). Genetic twin modeling is based 
on the different genetic relatedness of MZ and DZ twins: DZ twins 
share, on average, 50% of their genes (identical by descent); MZ 
twins are virtually identical at the DNA-sequence level. Based on this 
principle, the BMI variation can be decomposed into additive genetic 
variation (additive effects of all loci affecting BMI), dominance 
genetic variation (nonadditive genetic effects), shared environmen-
tal variation (all environmental effects making co-twins similar), 
and unique environmental variation (all environmental effects mak-
ing co-twins different and measurement error). Models were fit-
ted separately for each parental education category by age groups. 
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As we reported previously, slightly higher variances of BMI were 
found from 6 to 12 years of age in DZ twins compared with MZ 
twins (20). However, these differences were minor (i.e., 15% or less) 
and became statistically significant only because of our very large 
sample size.
As we have previously reported for children (2) and adults (3), there 
was little evidence for the presence of dominance genetic variation in 
BMI. Thus, we used the additive genetic/shared environment/unique 
environment (ACE) model, which was also supported by the with-
in-pair correlations in all parental education categories in our study 
cohort (Supporting Information Table S1), in the analyses. We fitted 
the full model in each age group to get the estimation of the role 
of shared environmental factors, even when it was not statistically 
significant in most of the age categories. A clear sex-specific genetic 
effect for BMI was found in childhood (2) and adulthood (3), and 
thus all models were fitted to allow the opposite-sex DZ genetic cor-
relation to be lower than the 0.5 expected for same-sex DZ twins. 
Especially in early childhood, DZ twins were slightly heavier than 
MZ twins (20), and thus a different mean BMI was used for MZ and 
DZ twins.
Next, we fitted gene–environment interaction models to test the 
significance of the moderator effect of parental education (21). In 
these models, parental education, used as a continuous variable, was 
allowed to modify the genetic and environmental variation of BMI. 
Because weak but systematic shared environmental effects were 
found for BMI in this database, especially in childhood (2), we fit-
ted both a more parsimonious additive genetic/unique environment 
model and an ACE model, which needs more statistical power. The 
genetic models were fitted to the data by the OpenMx package (ver-
sion 2.0.1) of R statistical software (R Foundation, Vienna, Austria) 
(22). The effects of parental education on mean BMI were estimated 
by Stata/SE version 13.1 for Windows statistical software (StataCorp 
LLC, College Station, Texas). The effect of intrapair correlations on 
95% confidence intervals (CIs) was taken into account by the cluster 
TABLE 1 Number of twin individuals with BMI and parental education by age
Males Females
Age N
BMI (kg/m2)
Maternal 
education (y)
Paternal 
education (y)
N
BMI (kg/m2)
Maternal 
education (y)
Paternal 
education (y)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 13,548 17.1 1.36 13.8 2.31 13.9 2.6 14,023 16.7 1.37 13.8 2.33 13.9 2.63
2 11,273 16.5 1.37 14.0 2.42 14.0 2.70 11,324 16.2 1.37 14.0 2.44 13.9 2.76
3 10,907 15.9 1.32 14.2 2.49 14.2 2.73 11,460 15.6 1.37 14.2 2.51 14.1 2.76
4 3,533 15.9 1.68 15.3 3.39 14.7 3.61 3,579 15.7 1.68 15.4 3.38 14.7 3.68
5 6,533 15.3 1.58 14.4 2.61 14.3 2.82 6,577 15.1 1.66 14.3 2.53 14.3 2.84
6 1,898 15.7 1.95 15.1 3.07 14.9 3.23 1,998 15.5 1.98 15.2 3.11 14.9 3.32
7 7,084 15.4 1.78 14.3 2.44 14.3 2.64 7,499 15.4 1.94 14.2 2.48 14.3 2.71
8 4,388 15.8 2.06 14.4 2.80 14.3 2.89 4,503 15.8 2.22 14.4 2.79 14.3 2.95
9 3,497 16.7 2.60 14.7 3.14 14.4 3.23 3,471 16.7 2.76 14.8 3.12 14.5 3.28
10 7,017 16.6 2.39 14.1 2.57 14.2 2.71 7,417 16.7 2.50 14.0 2.46 14.2 2.65
11 3,987 17.5 2.69 13.4 3.67 12.9 4.00 4,078 17.5 2.92 13.4 3.67 12.9 4.04
12 6,760 17.6 2.69 13.8 2.78 13.8 3.13 7,023 17.7 2.73 13.7 2.79 13.8 3.18
13 3,111 18.6 3.04 14.3 2.87 14.2 3.07 3,436 18.7 3.03 14.2 2.81 14.2 3.00
14 5,447 19.3 2.94 13.3 3.59 12.9 3.95 6,121 19.5 3.02 13.3 3.48 12.9 3.90
15 3,278 20.0 3.28 14.3 2.85 14.3 3.02 3,603 20.1 3.16 14.2 2.68 14.2 2.93
16 3,948 20.8 3.08 13.2 3.19 13.3 3.32 4,616 20.6 2.96 13.2 3.07 13.2 3.24
17 5,468 21.3 2.91 13.0 3.36 12.8 3.59 6,140 20.9 2.95 13.2 3.14 13.0 3.44
18 4,224 21.8 2.98 12.0 3.60 11.7 4.10 3,775 21.2 3.12 12.7 3.35 12.5 3.74
19 2,664 22.0 2.88 12.3 3.04 12.4 3.46 3,198 21.5 3.28 13.0 2.78 13.3 3.03
20-29 10,005 23.3 3.26 12.0 3.53 11.9 3.91 12,096 22.2 3.77 12.5 3.30 12.6 3.62
30-39 7,952 25.0 3.45 11.8 2.93 12.0 3.37 11,204 23.1 4.18 11.9 2.99 12.2 3.35
40-49 9,440 25.7 3.40 11.2 3.22 11.0 3.71 8,399 24.3 4.48 11.7 3.00 11.7 3.38
50-59 4,720 26.7 3.91 11.0 3.11 10.6 3.54 3,274 24.8 4.40 10.8 3.30 10.8 3.41
60-69 4,397 26.2 3.54 10.4 3.24 10.0 3.63 2,315 24.5 3.90 10.3 3.17 10.3 3.57
70-79 2,187 25.6 3.17 10.4 3.40 9.8 3.88 806 24.2 3.93 10.0 3.26 10.4 3.79
Data from the following twin projects have been pooled: Europe (Child and Adolescent Twin Study in Sweden, Netherlands Twin Cohort of Children, FinnTwin12, FinnTwin16, 
East Flanders Prospective Twin Survey, Gemini, Italian Twin Registry, Norwegian Twin Registry, Portugal Twin Cohort, Twin Study of Child and Adolescent Development, Turkish 
Twin Study); United States (Boston University Twin Project, California Twin Program, Carolina African American Twin Study of Aging, Colorado Twin Registry, Michigan Twins 
Study, Mid-Atlantic Twin Registry, Minnesota Twin Registry, University of Southern California Twin Study, Texas Twin Project, Vietnam Era Twin Study of Aging, National Academy 
of Sciences–National Research Council Study); East Asia (Korean Twin-Family Register, Ochanomizu University Twin Project, Qingdao Twin Registry Children, South Korea Twin 
Registry, West Japan Twins and Higher Order Multiple Births Registry); and others (Australian Twin Registry, Longitudinal Israeli Study of Twins).
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option of Stata. Further, we adjusted these mean modification effects 
for zygosity because of slight differences in BMI (20) and parental 
education between MZ and DZ twins (17).
Results
Table 1 presents the descriptive statistics by age and sex. Mean BMI 
shows the nadir at 5 years of age and the steady increase until 50 to 
59 years of age with modest sex differences. Mean BMI was highest 
in North America and Australia and lowest in East Asia (Supporting 
Information Table S2). Maternal and paternal education decreased 
from the younger to the older age groups, reflecting the increasing lev-
els of education over the birth cohorts. As expected, parental education 
was virtually identical for males and females.
Figure 1 presents the associations between parental education and 
BMI. No inverse educational association was seen from 1 to 3 years 
of age, and the sons of better-educated parents had even a slightly 
higher BMI. An inverse educational association emerged at 5 years 
of age in boys and 4 years of age in girls and became stronger until 
adolescence. In adulthood, the inverse association between parental 
education and BMI was statistically significant in most of the age 
groups and stronger in women than in men. In men, this association 
was somewhat weaker in late adulthood as compared with middle 
age, but otherwise no systematic differences between the age groups 
in adulthood were seen.
Figure 2 presents the associations between parental education and 
BMI in the three cultural-geographic regions. Because most of the 
BMI measures came from European cohorts, the pattern in Europe 
followed closely the estimates in the pooled cohort. In North America 
and Australia, parental education showed stronger associations with 
mean BMI than in Europe in most of age groups. These differences 
were more pronounced in females than in males. In East Asia, sim-
ilar associations were found in females, but because of wider 95% 
CIs, they were not statistically significant. However, East Asian males 
showed no evidence for the association between parental education and 
BMI.
The total variation of BMI in the three categories of parental 
education, decomposed to additive genetic, shared environmental, 
and unique environmental variances, is shown in Figure 3 (the exact 
estimates with 95% CIs are provided in Supporting Information 
Table S3). The total BMI variation was greatest in the low parental 
education level category and smallest in the high parental education 
level category in all age groups. With a few exceptions, the BMI 
variation in the intermediate parental education level category was 
between the high and low education level categories. In nearly all 
age groups, the difference in BMI variation between the low and 
high parental education level categories was statistically signifi-
cant, as seen by nonoverlapping 95% CIs (Supporting Information 
Table S3). When we studied the components of variation, a similar 
pattern was observed with a few exceptions for additive genetic and 
unique environmental variances. Except in two age groups, the dif-
ference was statistically significant for additive genetic variation, but 
for unique environmental variation, in nearly half of the age groups, 
the 95% CIs overlapped. Shared environmental variance compo-
nents explained part of the variance, especially in boys and girls of 
14 years of age or younger. However, in most of the age groups, 
they were not statistically significant, and the 95% CIs also over-
lapped between the educational categories (Supporting Information 
Table S3).
The gene–environment interaction models confirmed the results of the 
stratified analyses (Supporting Information Table S4). When we fit-
ted the additive genetic/unique environment model, in all age groups 
except for 70- to 79-year-old men, additive genetic modification effects 
were negative (i.e., higher parental education level was associated with 
less genetic variation). However, in men 17 years of age or older, girls 
3 years of age or younger, and women 50 to 59 years of age or older, 
the modification effects were weaker than in the other age groups and 
not significant. Most of the unique environmental modification effects 
were also negative but were weaker than additive genetic modification 
effects, and around half of them were not statistically significant. In 
the ACE model, most of the additive genetic and shared environmental 
modification effects were negative, but there was more fluctuation in 
the estimates because of lesser statistical power, and only some of them 
were statistically significant.
Figure 1 Mean BMI modification effects of parental education with 95% confidence intervals from 1 until 70 to 79 years of age by sex.
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Figures 4 and 5 depict the similar decomposition of BMI variance by 
the cultural-geographic region. Because the results for the intermediate 
parental education level category were, in general, between the high 
and low education level categories, they are not shown, but all esti-
mates with 95% CIs are available in Supporting Information Tables 
S5-S6. The total BMI variance was greatest in North America and 
Australia and smallest in East Asia. In Europe, as well as in North 
America and Australia, BMI variation was systematically greater in 
males and females whose parents had low education levels as com-
pared with the offspring of highly educated parents. In most of the 
age groups, this difference was statistically significant, as seen in 
the nonoverlapping 95% CIs (Supporting Information Tables S5-S6). 
Figure 2 Mean BMI modification effects of parental education with 95% confidence intervals from 1 until 70 to 79 years of age by sex and cultural-geographic region.
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When we restricted the analyses to North Americans and Australians 
with Caucasian ethnicity, the variances decreased somewhat, but 
they were still larger than in the other cultural-geographic regions 
and highest in those with low parental education levels (Supporting 
Information Tables S5-S6).
The differences in the total BMI variation between the parental edu-
cational categories were mainly due to differences in additive genetic 
variation. An exception was North American and Australian boys and 
girls 11 years of age or younger, for whom the difference in most age 
groups was mainly due to shared environmental variation. In Europe, 
we also observed some evidence for the greater role of shared environ-
ment in the low parental education level category until 14 years of age, 
but the differences were not statistically significant. In East Asia, no 
systematic differences were seen in the total variance of BMI according 
to parental education.
The gene–environment interaction models confirmed these results 
(Supporting Information Table S7). In Europe, the additive genetic 
modification effects were consistently negative, whereas there was 
more fluctuation in the common environmental modifications effects. 
In contrast, in North America and Australia, especially in boys under 
12 years of age, the shared environmental modifications were con-
sistently negative. However, when using the ACE models, which 
require more statistical power, only some of these modification 
effects were statistically significant. In East Asia, the modification 
effects fluctuated on both sides of zero, and most of them were not 
statistically significant.
Discussion
In this study of a very large international data set of twins, we found 
that higher levels of parental education were consistently associated 
with lower additive genetic and unique environmental variance of 
BMI. This result is in accordance with previous twin and molecular 
genetic studies. In a previous study based on Dutch twin data, children 
and adolescents whose parents had moderate or low levels of education 
showed greater genetic BMI variance than those whose parents had 
high levels of education (3). Danish (12) and US (13) studies of adult 
twins supported this result by showing greater genetic variation in 
those with lower education levels than in those with higher education 
levels. These results are also in line with candidate genes studies in 
which the effects of low levels of maternal education on children (23) 
and of one’s own education on adults (24) reinforced the effect of FTO 
gene, the major candidate gene of BMI. Similar results were found for 
other BMI candidate genes (25,26). However, these molecular genetic 
studies need replications in other populations, and, preferably, a GWA 
study using a large sample size should be conducted. Assuming paren-
tal education to be a good proxy indicator of the socioeconomic condi-
tions of individuals and their families, our results might indicate that a 
poorer childhood socioeconomic environment reinforces the influence 
Figure 3 Total variation of BMI decomposed to additive genetic (gray), shared environmental (white), and unique environmental variations (black) from 1 until 70 to 
79 years of age by sex and parental education.
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Figure 4 Total variation of BMI decomposed to additive genetic (gray), shared environmental (white), and unique environmental variations (black) from 1 until 70 to 
79 years of age by parental education and geographic-cultural region in males.
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Figure 5 Total variation of BMI decomposed to additive genetic (gray), shared environmental (white), and unique environmental variations (black) from 1 until 70 to 
79 years of age by parental education and geographic-cultural region in females.
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of genetic factors affecting BMI. However, parental education is also 
associated with one’s own education level in adulthood (27), which is 
further associated with other factors such as intelligence and person-
ality (28). Thus, the mediating pathways are complex and may change 
through the life course.
Parental education is associated with BMI after early childhood, 
which parallels previous population-based studies showing no asso-
ciation (29) or lower BMI (30) in the offspring of mothers with lower 
education levels before 2 years of age but a clear inverse correlation 
between the BMI of offspring and maternal education levels after 
4 years of age. In early childhood, the lack of association between 
parental education and offspring BMI might be due to low birth 
weight associated with low parental education levels affecting BMI 
over the first years (29). Nevertheless, it may also reflect a change 
in the genetic architecture of BMI. A negative genetic correlation 
between education and BMI (r = −0.28, standard error = 0.03) was 
found based on cross-trait linkage disequilibrium score regression 
analysis of large GWA studies (31). As we have reported previously, 
genetic variation in BMI started to increase after 5 years of age in 
the CODATwins database (2). This result is in accordance with the 
previous molecular genetic studies showing that the effects of the 
FTO gene (32), genetic risk scores of top BMI hits (33,34), and poly-
genic risk scores from GWA studies (35) started to increase only 
after early childhood. Thus, it seems that after early childhood, new 
genetic variants affecting BMI activate and parental education can 
modify the effects of them, which may be independent of the genetic 
variants regulating body size in infancy.
The mechanisms explaining the interaction effects between genes and 
socioeconomic factors on BMI are not clear. In the present study, the 
association of parental education with mean and genetic variance of 
BMI persisted through adulthood. This trend might be due to behav-
ior. There is evidence that the FTO gene may affect BMI through food 
intake self-regulation (36) and eating styles (37), and many genetic 
risk variants of adult BMI are active in brain areas having an import-
ant role in appetite regulation and many cognitive functions (4,5). 
Findings that the correlations between BMI and a number of person-
ality, cognitive, and brain morphological traits were largely explained 
by common genetic factors further support the mediating role of brain 
function (38). It is thus possible that the new genetic variance emerging 
after mid-childhood relates to the child’s food intake self-regulation, 
with children learning better self-regulation in households with higher 
parental education levels. Childhood social position also relates to fac-
tors such as diet, adverse childhood experiences, and physical activity 
(39). There is evidence that physical activity can modify the association 
between the BMI genetic risk score and BMI (40), and parallel results 
have been found in a twin study showing greater genetic variance of 
BMI and other obesity indicators in sedentary persons as compared 
with those who are physically active (41). However, the background 
mechanisms may go even deeper in the field of neurophysiology. 
Subordinate female rhesus monkeys had higher caloric consumption 
than dominant monkeys (42). In addition, starlings with a disadvan-
taged early life environment were fatter in adulthood and spent more 
effort for food gathering than those with more advantaged early life 
environments (43). Although comparisons between species should be 
treated with caution, these results may suggest deep neurophysiological 
pathways between early life social position and later eating behavior.
When comparing the geographic-cultural regions, parental education 
was more strongly associated with BMI in North America and Australia 
than in Europe and East Asia. Thus, obesogenic environment may rein-
force the association between BMI and parental education because the 
population level mean of BMI is much higher in North America and 
Australia than in the other two regions (1). This would suggest that the 
factors affecting BMI at the population level have stronger effects on 
those having social and/or genetic susceptibility to gain weight. There 
has been discussion regarding which specific societal factors are behind 
these region-level differences in BMI, but the results are inconclusive 
(44). However, our findings suggest that identifying socioeconomic fac-
tors associated with the increase of BMI would have beneficial effects, 
especially on those who are most vulnerable to gaining weight. In addi-
tion, societal factors other than obesogenic environment may lead to the 
weaker effect of parental education on BMI in East Asia. For example, 
because of cultural differences, food consumption may be differently 
associated with social factors in different cultural-geographic regions, 
even in those with the same obesogenic levels in the environment. More 
detailed measures of macro-environment would be needed to further 
disentangle the effect of these societal factors.
In most of the age categories, the differences in BMI variance were 
mainly due to the greater additive genetic variance in the lower paren-
tal education level category. However, especially in North America 
and Australia, this difference was due to greater shared environmen-
tal variance in boys and girls at 11 years of age or younger. A Finnish 
twin study also found that environmental factors shared by co-twins 
explained a share of BMI variation at 11 to 12 and 14 years of age in 
children whose parents had limited education, but this variance compo-
nent was not present at 17 years of age (14). Disentangling shared envi-
ronmental and additive genetic effects requires considerable statistical 
power (45), and thus it is possible that these divergent results within 
Europe are just because of sample variation. However, these results 
suggest that in childhood, shared environmental factors may contribute 
directly to the socioeconomic differences in BMI, at least in some soci-
eties, whereas in adolescence and adulthood, parental education affects 
BMI mainly by modifying genetic effects.
Our data have strengths but also have limitations. The main strength is 
the large sample size, which allowed us to construct and test models in 
narrow age groups and offered the required statistical power to analyze 
the effect of parental education over the life-span. Further, we were able 
to analyze these differences between cultural-geographic regions rep-
resenting different obesogenic levels in the environment. A limitation 
is that our data are heavily biased toward Caucasian populations fol-
lowing the Westernized lifestyle, thus limiting statistical power in East 
Asia. New data collections in East Asia and in other non-Westernized 
cultural contexts would thus be warranted, especially because we 
found evidence that there may be substantial differences in the effect of 
parental education on BMI between more and less obesogenic societies. 
In addition, our data come from multiple sources, which may differ in 
representativeness and other factors potentially affecting the strength of 
found associations.
Conclusion
We found clear evidence that higher parental education level is asso-
ciated with lower BMI and less genetic and environmental variation 
of BMI over the life-span. The critical period is located just after 
early childhood, when BMI variation begins to increase. In addition 
to genetic variance, especially in late childhood, the environment 
shared by co-twins and siblings can be important. The educational 
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differences are particularly prominent in North America and 
Australia. The socioeconomic position of the family affects BMI 
partly by modifying genetic factors, and the effects on BMI are long 
lasting, as they are present through adulthood, especially in obe-
sogenic societies. O
© 2019 The Obesity Society
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